Abstract. In the present work, a generalized mathematical model is considered for describing the process of viscoelastic deformation of polymer materials. The model is applied for describing the creep of polyethylene in the conditions of diffusion in liquid environment interacting chemically with the polymer and variable loading. The orthogonal expansions method is used and is extended for a process with integrating properties (without self-settling). In this case, it is necessary to separate the integral component, which is also presented as parameter-dependent on loading and saturation. The output experiments are executed with samples which possess reached beforehand different levels of saturation with cyclohexan and have been afterwards submitted to mechanical testing with brief creep in pure torsion at various constant levels of loading.
Description of the process and the experimental data
The approach, proposed in [1] , is generalized for modelling a process of viscoelastic deformation of polyethylene under two variable parameters: concentration C and loading σ. Modelling of the process becomes complicated with two functional variables -λ = (C, σ). The experiments are executed with samples which have reached beforehand different levels of concentration of cyclohexan and have been afterwards submitted to mechanical testing with a short creep in pure torsion and uniform loading [2] , [3] .
Loading σ is at levels: 1.135, 2.271, 3.407, 4.535 and 5.675 МРа. The tolerance of concentration is like in the one-dimensional case -from 0 to 7.3%, at the following levels: 0, 2.3, 5.1 and 7.3%. Experiments are performed at constant temperature for all possible combinations of the levels of concentration and loading in order to evaluate the influence of the two variables. The measured output quantity is the relative angular deformation -ε 12 , [%] . For each of these experiments, the run time of the process is 300 minutes and 7 measurements are recorded. In order to simplify the model and the graphics, the output quantity is represented as ε = ε 12 10 4 . Fig. 1 . Output processes at C = 0% and the respective five levels of loading
In Fig. 1 are presented part of the curves of short creep at concentration 0% and the respective five levels of loading. The curves at the remaining concentrations are not shown because of their analogous form. Here and afterwards, the curves (the output processes) are not denoted by numbers, the concentration is also not shown -it is enough to keep in mind that with increase of concentration at constant loading as well as with increase of loading at constant concentration deformation ε increases (for one and the same value of time). Experiments at concentration of cyclohexan -3.5% and the five levels of loading are not considered during the processing of the results from the experiment for model building. They are used for diagnostic check of the obtained model.
It is observed from the data similarly to the description of the oneparameter case [1] , that after a definite period of time the speed of the process is constant. Model construction begins with separation of the integral component:
where h(λ, t) is the remaining part of ε, while k и (λ) is the angular coefficient of the approximating lines. As a result of the visualization of the coefficient k и (λ) and the analysis of the experimental data, the conclusion is reached, that the last combination of concentration and loading (C = 7.3%, σ = 5.675 МРа) should not participate in the construction of the generalized model, because the data are significantly divergent. The obtained by (1) responses -h(λ, t) are with self-settling and it is necessary to differentiate them when determining the arrays of coefficients {β i } of the orthogonal expansion. The main difficulty stems from the high speed of the process in the first few minutes, which is important for the model precision. Due to this reason, numerical differentiation is not applicable to the initial data and neither are graphic and graph-analytic methods of approximation. The process the curves h(λ, t) are approximated with sum of exponents in order to determine the impulse responses w(λ, t).
The next sections follow the steps of the algorithm, used for evaluating the generalized orthogonal model.
Orthogonal model with Kautz functions
Orthogonal model with Laguerre functions does not produce acceptable results for the two-dimensional case, where the approximation is in much larger range. That is why a Kautz framework with non-identical real poles [4] is used:
The property of orthonormality of Kautz functions k i (α i t) makes it possible to determine independently the values of coefficients β i (λ) for every running of the process. By considering the functional variables (vector λ) they are determined in:
By cutting the infinite series (3) [5] , a generalized model for the impulse response of the parameter-dependent process is obtained:
The
-to determine whether the convergence of the series of coefficients {β i } depends on the change of α in a given interval;
-to determine the precision of approximation for Kautz functions with different values of α.
Three coefficients (N = 3) are enough for both models; the fourth coefficient β 4 (λ) differs from the first three in orders of magnitude.
Analytical dependencies for { β i (λ)}
The next step is analytical expressions formulating for the coefficients:
The choice is among the polynomial models up to third degree. Here, θ is the vector of the coefficients before the included in expression (5) functions of λ − f (λ). This problem is solved independently two times: for Model 1 and Model 2. In our example, the analytic expressions for the coefficients possess the same form but this is not mandatory. For instance, the analytical expression for β 1 (λ) for Model 2 is: (6) β 1 (λ) = 0.1516 − 3.8278 * C + 11.5919 * σ + 5.1222 * Cσ − 0.2427 * 3 + 0.3386 * σ 3 .
In Table 1 are provided for comparison the F-statistic of Fisher, the R-squared statistic (coefficient of determination), the number of degrees of freedom and variance of residuals for these models. For all models, the level of significance is 0.05, the number of experimental measurements is n = 19, the number of coefficients in polynomials (5) is k = 6. Table 1 Statistical indicators of expressions for coefficients { β i (C)} type Model 1 Model 2 
Constructing a parameter-dependent model for the integral component
A model of this type is sought:
When seeking analytical dependencies for k и (λ) the choice is among the polynomial models of second and third, complete or incomplete, degree and a linear model (with two independent variables). The best model is chosen based on the F -statistic of Fisher and the R-squared statistic while at the same time it is parsimonious in number of coefficients:
For the model (8): R 2 = 0.9946, F = 475.47, Q R = 0.0007, Q = 0.1210. When comparing the estimated F -statistic with F т (0.05, 13, 5) = 4.67 it is established that F ≫ F т and consequently the model is adequate. It is necessary to clarify that here the parameter is not in % but in weight parts. The analysis of the graph of residuals and 95% confidence intervals for them leads to acceptance of the zero hypothesis that the mathematical expectation of the residuals is zero (all confidence intervals contain zero). The obtained model (8) is adequate and ensures high precision of prediction.
Modeling results
In Fig. 2 are presented some of the obtained results for w(t) -the output (with continuous line) and the approximated by Model 1 (with dotted line). For better visualization, the results are shown for smaller time intervals. In Fig. 3 the control experiments (at C 5 = 3.5%) are compared to the prediction of the generalized orthogonal parameter-depending model, where the The graphic of the comparison shows very good coincidence between the results of the experiment and the predictions for both models. At every stage of constructing the generalized model the standard deviation and the sum of absolute errors are determined for quantity evaluation of the precision of approximation and for comparison of the two models. The relative errors are determined as well.
Conclusion
1. An adequate model is constructed for a process dependent on two parameters. The model is separable with respect to time and vector, on which the process depends.
2. The convergence of the series of coefficients is fast enough by using systems of orthogonal functions, which allows the use only of the first few terms in the expansion.
3. The obtained coefficients preserve their values for different areas of representation -continuous and discrete, time and frequency, as well as in statespace. This allows prediction of the course of the process from any moment onwards.
4. It is shown, that the use of Kautz functions has significant advantages for modelling processes, which have high speed in the beginning but dump relatively slowly. The method is applicable after separating the integral component for processes with constant speed of change.
